Background/Aims: Glucose uptake occurs via the activation of an insulin-signaling cascade, resulting in the translocation of glucose transporter 4 (GLUT4) to the plasma membrane of adipocytes and myocytes. Recent research found that galanin could boost insulin-induced glucose uptake. This study aimed to explore whether activation of Akt2 mediates the beneficial effects of galanin on insulin-induced glucose uptake in the adipocytes of diabetic rats. Method: In this experiment, insulin, galanin and MK-2206, an Akt inhibitor, were injected individually or in combination into diabetic rats once a day for ten days. Then, glucose uptake and pAkt2 and its downstream proteins were examined in adipocytes. Results: Administration of galanin significantly enhanced insulin-induced 2-Deoxy-D-[
Introduction
Glucose homeostasis is predominantly regulated by insulin to balance glucose uptake and endogenous glucose production [1] . If glucose homeostasis is disrupted, the onset of several diseases, including obesity, hyperglycemia and diabetes mellitus, may be triggered. In addition to insulin, recent studies found that other hormones, such as galanin, could enhance the effects of insulin on glucose uptake [2] .
Galanin is a 29/30 amino-acid peptide, distributed widely throughout the nervous and digestive systems as well as other tissues [3] . As a versatile peptide, galanin can modulate many physiological functions, particularly increases in food intake, body weight and adiposity in animals [4] . Recent reports indicated that galanin might boost insulin-induced glucose transporter 4 (GLUT4) translocation and subsequent glucose uptake via activation of the Akt/PKB pathway in both fat and muscle cells [5, 6] . The galanin receptor family comprises three members, GalR1-3 [5] . Both activated GalR1 and GalR3 may inhibit adenyl cyclase and decrease the cAMP level through Gi/o receptors, resulting in activation of Akt/PKB [5, 7] . Activated GalR2 may result in the hydrolysis of inositol phosphate and activation of atypical protein kinase C through the Gq/11 pathway to enhance intracellular Ca 2+ concentration. Akt is a main component of the insulin signaling pathway. Among the three Akt isoforms (Akt1-3), the serine/threonine kinase Akt2 is a key signaling mediator of insulin-stimulated glucose uptake into adipocytes and myocytes through the promotion of GLUT4 translocation in mice [8] . Akt2 is activated through phosphorylation at two regulatory sites, Thr308 in the activation loop and Ser473 in the hydrophobic COOH-terminal regulatory domain [9] . Activation of Akt2 can phosphorylate numerous downstream substrates, such as the Akt substrate of 160 kDa (AS160), forkhead box O1 (FoxO1) and glycogen synthase kinase-3 (GSK-3). Akt2 and its downstream proteins are the crucial links of the insulin signaling cascade that regulate GLUT4 translocation and subsequent glucose uptake [9] . However, it is unknown whether Akt2 mediates the beneficial effect of galanin on insulin-induced glucose uptake. Accordingly, this study used MK-2206, a potent Akt inhibitor, to assess whether Akt2 mediates the facilitating impact of galanin on insulin-induced glucose uptake in diabetic rat adipocytes. 
Materials and Methods

Materials
Diabetic models and animal grouping
Male Wistar rats (150 ± 10 g) were purchased from the Animal Center of Yangzhou University and were housed for 8 weeks before experimentation in a climate-controlled environment with a high-fat diet and water ad libitum as well as a 12:12-h light-dark cycle. Then, the animals were intraperitoneally treated with 30 mg.kg -1 streptozocin [2] . After another 4 weeks, the animals with fasting blood glucose levels over 11.1 mmol/L were used as diabetic models. The animal protocol for this experiment was approved by the Animal Studies Committee of Yangzhou University.
The forty-eight model rats were randomly divided into six groups of 8 each: diabetic controls, galanin group, insulin group, insulin + MK-2206 group, insulin + galanin group, and galanin + insulin + MK-2206 group. In addition, a healthy control group was included (n = 8). The six treatment groups were injected with galanin (1 nmol·kg , i.v. reference to Li's experiment [10] ), either individually or in combination. Both control groups were injected with the vehicle. The injection was conducted once a day between 9:00-10:00 am successively for ten days. After 24 h of fasting after the last injection, all animals were intraperitoneally injected with 250 mg·kg -1 2-deoxy-[
Fractionation of the plasma membrane and 3 H-2DG uptake measurement
The membranes of adipocytes were fractionated as described previously [2] . Briefly, the fat pads were washed, minced and homogenized in an ice-cold homogenization buffer. The homogenate was centrifuged at 13,000 g for 20 min at 4°C. Part of the supernatant was used for measurement of 3 H-2DG uptake via liquid scintillation counting. The remaining supernatant was re-centrifuged at 31,000 g for 60 min. The pellet from this spin was layered over a sucrose cushion and centrifuged at 75,000 g for 60 min. The pellet was removed and spun for 20 min at 39,000 g to yield plasma membranes.
Western blot analysis
Twenty micrograms of the samples were separated on a 12% SDS-polyacrylamide gel and then transferred to polyvinylidene difluoride membranes [4] . The membranes were incubated overnight with a specific primary antibody against GLUT4, VAMP2, pAkt2
Thr462 , pFoxO1 or pGSK-3β. Then, the membranes were washed and incubated with HRP-conjugated secondary antibody. The blots were visualized using an enhanced HPIAS-2000 Image Analysis System (ChampionImages, China). The densitometry values were normalized to β-actin.
Statistical analysis
The means ± SE were analyzed by one-way ANOVA with Tukey's post hoc test and were considered significantly different at P < 0.05.
Results
Blood glucose levels
After co-administration of galanin and insulin, the blood glucose levels were reduced by 28.7% (P<0.01) and 17.7% (P<0.05) compared with the galanin-or insulin-treated group, respectively (Fig. 1) . Pretreatments with MK-2206 significantly elevated glucose levels by 35.8% (P<0.01) in the insulin + galanin + MK-2206 group compared with the insulin + galanin group, and by 23.7% (P<0.05) in the insulin+ MK-2206 group compared with the insulin group. Treatments with galanin or insulin alone significantly decreased blood glucose by 28.4% (P<0.01) and 37.9% (P<0.01) compared with diabetic controls, respectively. However, the blood glucose levels were reduced by only 9.6% (P > 0.05) in the insulin + galanin + MK-2206 group compared with the insulin+ MK-2206 group. The blood glucose levels were higher in the diabetic control group than in the healthy controls (P<0.01).
[ 3 H]2-DG uptake
We examined glucose uptake using [ 
GLUT4 and VAMP2 contents in the plasma membranes
Co-treatment with both insulin and galanin elevated the GLUT4 and VAMP2 protein levels in the plasma membranes by 38.3% (P<0.01) and 29.4% (P<0.01) compared with the galanin group and 25.1% (P<0.05) and 23.9% (P<0.05) compared with the insulin group, respectively (Fig. 3) . Compared with the diabetic controls, both immunoreactivities were elevated by 39.4% (P<0.05) and 56.2% (P<0.01) in the galanin group and 54.1% (P<0.01)
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry and 62.9% (P<0.01) in the insulin group, respectively. GLUT4 and VAMP2 decreased by 30.4% (P < 0.01) and 32.5% (P<0.01) in the insulin + galanin + MK-2206 group compared with the insulin + galanin group, respectively. Similarly, they decreased by 24.8% (P < 0.05) and 23.7% (P<0.05) in the insulin+ MK-2206 group compared with the insulin group. The GLUT4 and VAMP2 immunoreactivities were increased in the plasma membranes by 15.8% (P > 0.05) and 9.7% (P > 0.05) in the insulin + galanin + MK-2206 group compared with the insulin+ MK-2206 group, respectively. Both levels were lower in the diabetic controls (P < 0.01) than in the healthy controls (P<0.01).
pAkt2
Thr308 and pAkt2 Ser473 levels in adipocytes To determine whether galanin affects insulin signaling, we measured the pAkt2 Thr308 and pAkt2
Ser473 levels in the adipocytes using Western blot assays (Fig. 4) . Co-treatment with galanin and insulin significantly increased adipocyte content of pAkt2
Thr308 and pAkt2 Ser473 by 25.3% (P<0.01) and 19.3% (P<0.01) compared with the galanin group and by 11.2% (P<0.05) and 7.8% (P<0.05) compared with the insulin group, respectively. After pretreatment with MK-2206, pAkt2
Thr308 and pAkt2 Ser473 levels in the insulin + galanin + MK-2206 group were reduced by 30.8% (P<0.01) and 22.6% (P<0.01) compared with the insulin + galanin group, respectively. They were also reduced by 29.6% (P<0.01) and 22.6% (P<0.01) in the insulin+ MK-2206 group compared with the insulin group, respectively. Compared with the diabetic controls, levels of both pAkt2
Thr308 and pAkt2 Ser473 were increased by 169.6% (P<0.01) and 145.2% (P<0.01) in the galanin group and by 202.8% *P<0.01) and 171.3% (P<0.01) in the insulin group, respectively. There were insignificant differences in both levels (P > 0.05) between the insulin + galanin + MK-2206 group and the insulin+ MK-2206 group. Again, Fig. 1 . Co-treatment with galanin and insulin significantly decreased blood glucose levels of type 2 diabetic rats (n = 8). The blood glucose levels were reduced in the insulin + galanin group (DIG) compared with either galanin group (DG) or insulin group (DI), respectively. Pretreated with MK-2206, the glucose levels were elevated in the insulin + galanin + MK-2206 group (DIGM) compared with DIG and in the insulin+ MK-2206 group (DIM) compared with DI. Treatments with galanin or insulin alone significantly decreased blood glucose compared with the diabetic controls (DC), respectively. Additionally, there was non-significant difference in blood glucose levels between DIGM and DIM. The levels were higher in DC than the healthy controls (HC). The data shown are the means ± SEM. ••P < 0.01 vs. HC; ○○P < 0.01 vs. DC; △△P < 0.01 vs. DG; ▲P < 0.05 vs. DI; □□P < 0.01 vs. DIG. 
the levels of both were significantly lower in the diabetic controls than the healthy controls (P<0.01).
Akt2 mRNA expression levels
As shown in Fig. 5 , co-treatment with galanin and insulin significantly elevated Akt2 mRNA expression levels by 14.9% (P < 0.05) and 23.9% (P < 0.01) compared with the galanin-or insulin-treated groups, respectively, in adipocytes. The levels were attenuated Fig. 3 . Injection of galanin into the diabetic rats increased insulin-stimulated GLUT4 and VAMP2 trafficking to the plasma membranes of adipocytes (n = 8). In the co-administration of insulin and galanin groups (DIG) the GLUT4 and VAMP2 levels in plasma membranes of adipocytes were enhanced compared with either galanin-(DG) or insulin-treated (DI) groups. The enhanced immunoreactivity in plasma membranes in DIG and DI was abolished by pretreatment of MK-2206. The immunoreactivity in galanin-or insulin-treated group was elevated in plasma membranes compared with the diabetic control group (DC). Both indexes between DIGM and DIM were non-significant difference. While both levels in plasma membranes in DC were lower than the healthy controls (HC). The data shown are the means ± SEM. ••P < 0.01 vs. HC; ○○P < 0.01 vs. DC; △△P < 0.01 vs. DG; ▲▲P < 0.01vs. DI; □□P < 0.01 vs. DIG. Fig. 4 . Administration of galanin increased the insulin-stimulated pAkt2
Thr308 and pAkt2 Ser473 levels in adipocytes of diabetic rats (n = 8). Co-treatment with galanin and insulin significantly increased pAkt-2 Thr308 and pAkt2 Ser473 contents in the insulin + galanin group (DIG) compared with the insulin group (DI) or the galanin group (DG). After pretreatment with MK-2206, the pAkt2
Thr308 and pAkt2 Ser473 levels were lower in the insulin + galanin + MK-2206 group (DIGM) than the insulin + galanin group and in the insulin + MK-2206 group (DIM) than DI. Both levels were higher in DG and DI than the diabetic controls (DC), but non-significant difference between DIGM and DIM. Both levels in DC were lower than the healthy control (HC). The data shown are the means ± SEM. ••P < 0.01 vs. HC; ○○P < 0.01 vs. DC; △△P < 0.01 vs. DG; ▲P < 0.05, ▲▲P < 0.01vs. DI; □□P < 0.01 vs. DIG.
Fig. 5.
The effect of coadministration of galanin with insulin on the Akt2 mRNA expression levels in adipocytes of diabetic rats (n = 8). The Akt2 mRNA expression levels in the insulin + galanin group (DIG) were significantly elevated compared with the galanin group (DG) and the insulin group (DI). The levels were lower in the insulin + galanin + MK-2206 group (DIGM) than the insulin + galanin group and in the insulin + MK-2206 group (DIM) than DI. The Akt2 mRNA expression levels in DG and DI were higher than the diabetic controls (DC), while in the DC was lower than the health controls (HC). The levels were non-significant difference between DIGM and DIM. The data shown are the means ± SEM. ••P < 0.01 vs. HC; ○○P < 0.01 vs. DC; △P < 0.05 vs. DG; ▲P < 0.05, ▲▲P < 0.01vs. DI; □□P < 0.01 vs. DIG.
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© 2017 The Author(s). Published by S. Karger AG, Basel www.karger.com/cpb by 25.8% (P < 0.01) in the insulin + galanin + MK-2206 group compared with the insulin + galanin group and by 21.9% (P < 0.05) in the insulin+ MK-2206 group compared with the insulin-treated group. Compared with diabetic controls, the levels were enhanced by 67.9% (P < 0.01) in the galanin group and by 55.7% (P < 0.01) in the insulin group. There were insignificant differences in the expression levels between the insulin + galanin + MK-2206 group and the insulin + MK-2206 group. The levels were lower in the diabetic controls than the healthy controls (P < 0.01).
Fig. 6. Administration of galanin increased insulin-stimulated pAS160
Thr462 levels, but reduced pFoxO1 and pGSK-3β levels in adipocytes of the diabetic rats (n = 8). The pAS160 Thr462 (Fig. 5A ) concentration were higher, but pFoxO1 (Fig. 5B) and GSK-3β levels (Fig. 5C) were lower in the insulin + galanin group (DIG) than either galanin group (DG) or insulin group (DI), and in DG and DI than the diabetic controls (DC), respectively. Additionally, the increase in pAS160
Thr462 contents as well as the decrease in pFoxO1 and pGSK-3β levels in the insulin + galanin group and the insulin group were abolished by pretreatment of MK-2206 in adipocytes. The three indexes were non-significant difference between both hormone + MK-2206 group (DIGM) and insulin + MK-2206 group (DIM). While the first was lower and the latter two were higher in DC than the health controls. The data shown are the means ± SEM. ••P < 0.01 vs. HC; ○P < 0.05, ○○P < 0.01 vs. DC; △< 0.05, △△P < 0.01 vs. DG; ▲P < 0.05, ▲▲P < 0.01vs. DI; □□P < 0.01 vs. DIG.
pAS160
Thr462 , pFoxO1 and pGSK-3β levels in adipocytes As shown in Fig. 6 , the coadministration of galanin and insulin significantly elevated adipocyte pAS160
Thr462 levels by 49.0% (P < 0.01), but attenuated adipocyte pFoxO1 and GSK-3β levels by 23.4% (P < 0.01) and 18.4% (P < 0.01), respectively, compared with the galanin group. Likewise, in adipocytes, the pAS160 Thr462 levels increased by 22.3% (P < 0.01), and the pFoxO1 and GSK-3β levels decreased by 21.0% (P < 0.01) and 13.4% (P < 0.05), respectively, compared with the insulin group. The first index was reduced by 36.7% (P < 0.01) and the latter two were respectively enhanced by 50.2% (P < 0.01) and 20.5% (P < 0.01) in the insulin + galanin + MK-2206 group compared with the insulin + galanin group. Furthermore, the first index was reduced by 29.2% (P < 0.01) and the latter two were respectively enhanced by 33.9% (P < 0.05) and 13.9% (P < 0.05) in the insulin+ MK-2206 group compared with the insulin-treated group. Compared with the diabetic controls, the pAS160 Thr462 levels were enhanced by 69.4% (P < 0.01) and the pFoxO1 and GSK-3β levels were reduced by 31.6% (P < 0.01) and 17.9% (P < 0.01), respectively, in the galanin group. Likewise, the first index increased 106.4% (P < 0.01) and the latter two decreased 33.7% A B C (P < 0.01) and 22.6% (P < 0.01), respectively, in the insulin group compared to the diabetic controls. Differences in the three indexes were not significant between the insulin + galanin + MK-2206 group and the insulin+ MK-2206 group; however, the first one was lower and the last two were higher in the diabetic controls compared to the healthy controls (P < 0.01).
Discussion
It is well known that adipose tissue serves not only as a fat depot but also as an important organization for insulin-stimulating glucose uptake because GLUT4 expression is selectively down-regulated in adipose tissue, but not in skeletal muscle, during the progression of insulin-resistant and diabetes [11] . Defects in insulin-stimulating glucose uptake in adipose tissue may trigger the onset of type 2 diabetes mellitus. In this study, we evaluated the effect of galanin on insulin-induced glucose uptake in the adipocytes of diabetic animals from multiple aspects.
First, we assessed the impact of galanin on insulin-induced GLUT4 and VAMP2 distribution along with blood glucose and [ 3 H] 2-DG uptake levels. GLUT4 plays a key role in facilitating glucose uptake after insulin stimulation in adipose and muscle tissues. Under basal conditions, most of GLUT4 is retained in intracellular storage compartments termed GLUT4 storage vesicles [4] . After insulin stimulation, GLUT4 is quickly exocytosed from these compartments to plasma membranes, leading to a net accumulation of GLUT4 on the cell surface that is followed by an increase in glucose uptake [2] . In addition, VAMP2 is necessary for trafficking GLUT4 vesicles to dock and fuse with the target membrane compartment, which is an important step in insulin-regulating GLUT4 translocation [12] . An injection of VAMP2 neurotoxin or overexpression of dominant-interfering VAMP2 peptides inhibited GLUT4 translocation. Thus, insulin-dependent increases in GLUT4 and VAMP2 translocation to plasma membranes is closely associated with expedited sugar influx into cells [13] . In addition to insulin, the administration of galanin may also catalyze GLUT4 translocation. Animals with galanin metabolic disorder were found to easily develop type 2 diabetes mellitus [14] . Galanin knockout mice showed that insulin sensitivity and insulinindependent glucose elimination were significantly decreased during a glucose tolerance test [15] . Contrarily, in homozygous galanin transgenic mice insulin sensitivity and glucose clearance were increased [16] . Our previous studies found that treatment with a galanin antagonist, M35, decreased GLUT4 translocation and glucose uptake in adipocytes, i.e., endogenous galanin can elevate GLUT4 translocation and glucose uptake in diabetic rats [2] . Furthermore, Bu et al. found that galanin may benefit insulin-induced GLUT4 translocation and subsequent glucose uptake [5] . In line with these studies, the present results revealed that co-administration of galanin and insulin compared to treatment with either hormone individually significantly increased [ 3 H]2-DG influx and GLUT4 and VAMP2 translocation, but reduced blood glucose levels, further manifesting that injection of galanin can facilitate insulin-stimulating glucose uptake in the adipocytes of diabetic animals.
Next, we observed the effect of galanin on insulin-induced phosphorylation of Akt, which is an important loop of the insulin cascade. The canonical pathway that triggers GLUT4 translocation is composed of phosphatidylinositol-3 kinase, Akt, etc. [9] . Galanin can activate the Akt signaling pathway, too [7] . Thus, both signaling pathways of galanin and insulin involve the same signaling protein, Akt, which becomes the convergence point and intersection of both signaling pathways that trigger GLUT4 traffic.
Despite possessing close sequence homology, Akt1-3 each manifest distinct distributions and functions, which were revealed by knockout analysis [17] . Akt1 is ubiquitously expressed for the essential regulation of normal growth, and Akt3 is most abundantly expressed in the brain, correlating with the development of normal brain size. Akt2 is predominantly expressed in brown fat and the heart and is specifically involved in the adjustment of glucose homeostasis [17] . Though multiple isoforms of Akt are expressed in adipocytes, only Akt2 is important for insulin-dependent GLUT4 translocation and glucose uptake [18, 19] . Akt2 knockout mice, not Akt1-and Akt3-null mice, were characterized by insulin resistance, accompanied with hyperglycemia, hyperinsulinemia and defects in insulin-dependent glucose uptake [19, 20, 21] , suggesting that Akt2 is essential for insulin-dependent glucose uptake [6] . In addition, Dr. Xie et al found that pAkt2 expression in the peri-infarct area and ischemic core of brains 24 h after stroke was higher than self-controls before experimental onset in ischemic nude rats, implicating that elevated phosphorylation of Akt2 endured overnight [22] . In this study, we found that not only Akt2 mRNA but also pAkt2
Thr308 and pAkt2 Ser473 expression levels were up-regulated in the galanin and insulin groups after overnight fasting and that these levels were even higher in the insulin + galanin group compared to the galanin-or insulintreated groups. These findings suggest that interaction and interplay between both signaling cascades might enhance Akt2 expression and amplify pAkt2 intensity, and as a consequence, GLUT4 translocation and glucose uptake were elevated in the adipocytes of diabetic rats.
Furthermore, we assessed the effect of galanin on the phosphorylation of Akt2-downstream targets, AS160, FoxO1 and GSK-3, which reflected the efficacy of pAkt2 action in the regulation of glucose uptake. First, phosphorylation of AS160 was recently identified as an important link between insulin-induced activation of Akt2 and increases in GLUT4 translocation [19] . Attenuation of insulin-stimulated phosphorylation of AS160 was accompanied by a reduction in insulin sensitivity and glucose disposal [23] . In Akt2-null mice, insulin-stimulated phosphorylation of AS160 was almost completely eliminated [24] . Although AS160 can be phosphorylated at several other sites by Akt, phosphorylation at Thr642 is especially important for AS160 to regulate GLUT4 translocation [25] . Second, forkhead box O is the O type subfamily of the forkhead transcription factor superfamily, which mainly includes FoXO1, FoXO3, FoXO4 and FoXO6 [26] . In mammals, FoxO1 is the major isoform and downstream effecter of insulin signaling [27] . As FoxO1 is inactive in its basal form, insulin via pAkt triggers FoxO1 phosphorylation and translocation to negatively regulate metabolism. Overexpression of FoxO1 via microinjection of adenovirus resulted in hyperphagia, weight gain and glucose intolerance [27, 28] . Conversely, injection of a FoxO1-antisense oligonucleotide or ablation of FoxO1 in Pomc neurons decreased food intake and the body weight of animals [29] . Third, GSK-3 is a serine-directed kinase implicated in insulin action and adipogenesis. GSK-3 expression was upregulated in the adipose tissue and skeletal muscle of animals with insulin-resistance and in patients with obesity and type 2 diabetic [30] . Administration of insulin could phosphorylate and inactivate GSK-3, leading to an increase in glycogen synthase. Administration of GSK-3 inhibitors improved insulin action and glucose metabolism in humans and rodents [30] . Constitutive activation of GSK-3 in vitro or overexpression of GSK-3β resulted in insulin resistance. In homozygous knock-in mice, inactivation of GSK-3β was a major route through which insulin activated glycogen synthase [31] . Consistent with these studies, the results of this study showed that the injection of insulin enhanced the phosphorylation of Akt2 at Thr308/Ser473 and the subsequent phosphorylation of AS160 but inhibited the phosphorylation of FoxO1 and GSK-3β. Co-treatment with galanin and insulin further boosted these insulin-mediated events, which were followed by enhanced GLUT4 translocation and glucose uptake.
Last, most of the Akt inhibitors may be used only in vitro, while MK-2206, which is a potent non-ATP competitive Akt inhibitor, may be used both in vitro and in vivo in animal and clinical tests [32] . Dr. Hirai and colleagues found that MK-2206 inhibitors combined with other anti-tumor agents had more potent inhibitive impacts on tumor growth in vivo than every agent alone in monotherapy conditions, suggesting that Akt inhibitors may cooperate with existing anti-cancer therapeutics to augment their efficacy. In this study, the beneficial effects of galanin on insulin-induced glucose uptake, including GLUT4 and VAMP2 translocation and phosphorylation of Akt2, AS160, FoxO1 and GSK-3β, were blocked by pretreatment with MK-2206. In addition, galanin was unable to potentiate the above insulininduced events after injection with MK-2206, suggesting that phosphorylation of Akt2 was essential for galanin to promote insulin-stimulated glucose uptake. Namely, phosphorylation of Akt2 mediates the beneficial effect of galanin on insulin-induced glucose uptake in the adipocytes of diabetic rats. Moreover, Dr. Hirai and colleagues explored the time-response Zhang et 
